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Abstract
We present a BRST symmetric gaugeon formalism for the two-form gauge fields. A set of vector
gaugeon fields is introduced as a quantum gauge freedom. One of the gaugeon fields satisfies a
higher derivative field equation; this property is necessary to change the gauge-fixing parameter of
the two-form gauge field. A naive Lagrangian for the vector gaugeon fields is itself invariant under
a gauge transformation for the vector gaugeon field. The Lagrangian of our theory includes the
gauge-fixing terms for the gaugeon fields and corresponding Faddeev–Popov ghosts terms.
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I. INTRODUCTION
The standard formalism of canonically quantized gauge theories [1–5] does not con-
sider quantum-level gauge transformations. There is no quantum gauge freedom, since
the quantum theory is defined only after the gauge fixing. Within the broader framework
of Yokoyama’s gaugeon formalism [6], we can consider quantum gauge transformations as
q-number gauge transformations. In this formalism, quantum gauge freedom is provided by
an extra field, called a gaugeon field. The gaugeon formalism has been developed so far for
various gauge fields, such as, Abelian gauge fields [6–11], non-Abelian gauge fields [12–19],
Higgs models [20, 21], chiral gauge theories [22], Schwinger’s model [23], spin-3/2 gauge
fields [24], string theories [25, 26], and gravitational fields [27, 28].
Recently, gaugeon formalisms for the Abelian two-form gauge fields are considered by
Upadhyay and Panigrahi [29] (in the framework of the “very special relativity” [30]), and
by Dwivedi [31]. They introduced a vector gaugeon field which would play a role of the
quantum gauge freedom of the two-form gauge field. The vector gaugeon field itself has
a property of gauge fields. It has a gauge invariance. In fact, the Lagrangians given in
Refs.[29, 31] are invariant under the gauge transformation of the vector gaugeon field. So,
we should fix the gauge before quantizing the vector gaugeon field. However, the authors
of Refs.[29, 31] did not fix the gauge. Thus, their vector gaugeon field was not quantized.
Namely, their theories are incomplete as a gaugeon formalism for the two-form gauge fields;
they do not permit the quantum level gauge transformation, which is an essential ingredient
of the gaugeon formalism.
The aim of this paper is quantizing the vector gaugeon field and obtaining a correct
gaugeon theory for the two-form gauge field.
This paper is organized as follows. In sect. 2, we first review the standard formalism for
the covariantly quantized two-form gauge field. Then, we show that the vector gaugeon field
must be a massless dipole field, that is, its propagator have a term proportional to 1/(p2)2.
In sect. 3, we covariantly fix the gauge of the massless dipole vector field and quantize the
system. In section 4, incorporating the massless dipole vector field as the gaugeon field,
we present a correct gaugeon theory of the two-form gauge field. Section 5 is devoted to
summary and comments.
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II. STANDARD FORMALISM
A Faddeev-Popov quantization of the antisymmetric tensor gauge field (the two-form
gauge field) [32, 33] was first performed by Townsend [34]. He revealed that the Faddeev-
Popov (FP) ghosts themselves have gauge invariance and thus the ghosts for ghosts are
necessary. His theory, however, violates unitarity because of inappropriate ghost contents.
To ensure the unitarity, counting of ghosts should have been improved. The correct mode-
counting was given by Kimura [35] and Siegel [36]. In the BRST quantization scheme [2–4],
Kimura [35] has introduced a correct number of FP ghosts and auxiliary multiplier fields
which form an off-shell nilpotent BRST symmetry. The unitarity of the theory is assured by
Kugo-Ojima’s mechanism of BRST quartets [4, 5]. Kimura also gave canonically quantized
theories of the antisymmetric tensor gauge fields of third rank [37] and of arbitrary rank
[38].1 In the path integral formalism, Siegel [36] gave the precise ghost counting by a careful
application of the ’t Hooft averaging to the arbitrary rank antisymmetric tensor gauge fields.2
In this section, we review Kimura’s theory as a standard formalism.
The classical (gauge-unfixed) Lagrangian of a two-form gauge field Bµν is given by
L0 =
1
12
F λµνFλµν , (2.1)
where the third-rank antisymmetric tensor Fλµν is the field strength of Bµν defined by
Fλµν = ∂λBµν + ∂µBνλ + ∂νBλµ. (2.2)
The tensor Fλµν and thus the Lagrangian (2.1) are invariant under the gauge transformation
Bµν → Bµν + ∂µΛν − ∂νΛµ, (2.3)
where Λµ is an arbitrary vector field. Thus, to obtain a quantized theory, we need gauge-
fixing and appropriate ghosts and auxiliary fields. Note that the second term on the right
hand side of (2.3) is invariant under a “gauge transformation” Λµ → Λµ + ∂µΛ with an
arbitrary scalar function Λ. This is the origin why we need ghosts for ghosts in the quantized
theory of the antisymmetric tensor gauge theories.
1 Kimura’s Lagrangians were also given [39–41] by Bonora-Tonin’s superspace method [42] of the BRST
symmetry.
2 See also Ref. [43, 44].
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The quantum Lagrangian given by Kimura [35] is
LK =L0 − ∂
µBνBµν −
α
2
BµBµ +B
µ∂µη + ∂
µφ∗∂µφ
−
i
2
(∂µc ν
∗
− ∂νcµ
∗
)(∂µcν − ∂νcµ) + ic
µ
∗
∂µd+ i∂
µd∗cµ + iβd∗d, (2.4)
where α and β are real parameters, Bµ is (partly) a multiplier field imposing a gauge
condition ∂µBµν = αBν + · · · on Bµν as a field equation, cµ and c∗µ are FP ghosts, and
scalar fields φ, φ∗, d, d∗ and η play the roles of ghosts for ghosts or multiplier fields. One may
expect these roles by observing the following BRST transformations under which Kimura’s
Lagrangian (2.4) is invariant:3
δBBµν = ∂µcν − ∂νcµ, δBcµ = −i∂µφ,
δBc∗µ = iBµ, δBφ∗ = d∗, δBη = d, (2.5)
δBBµ = δBd∗ = δBd = δBφ = 0.
These BRST transformations satisfy the off-shell nilpotency δ2B = 0. The corresponding
BRST charge QB(K) can be written as
QB(K) =
∫ [
Bλ
←→
∂0 cλ + d∗
←→
∂0 φ+ (1− β)B0d
]
dD−1x, (2.6)
where we consider in D-dimensional space-time, and
←→
∂0 =
−→
∂0−
←−
∂0 . This charge is also nilpo-
tent: Q 2B(K) = 0. Figure 1 shows the field contents and their BRST transformations. With
these field contents, Kugo–Ojima’s quartet mechanism [4, 5] works and all the unphysical
modes are removed by Kugo–Ojima’s physical subsidiary condition,
QB(K)|phys〉 = 0. (2.7)
Especially, the fields η and d are necessary in correct mode-counting; without these fields
the longitudinal modes of Bµ and c∗µ could not form a BRST quartet.
The field equations for the zero-ghost-number fields derived from (2.4) are
∂λFλµν + ∂µBν − ∂νBµ = 0, (2.8)
∂λBλµ − αBµ + ∂µη = 0, (2.9)
∂λBλ = 0, (2.10)
3 The Lagrangian (2.4) is also invariant under the anti-BRST transformation [39–41].
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FIG. 1. Field contents and BRST transformations of Kimura’s theory. The arrows represent
the directions of the BRST transformations. The fields of odd ghost numbers are fermionic, while
those of even ghosts numbers bosonic.
from which we also have
Bµ = η = 0. (2.11)
We regard the equation (2.9) as the Lorenz-like gauge condition for the gauge field Bµν
and α as a gauge-fixing parameter. Now we consider a possibility to change the gauge-fixing
parameter α by an appropriate q-number gauge transformation, which would be given by
Bµν → Bˆµν = Bµν + τ(∂µYν − ∂νYµ), (2.12)
where the vector field Yµ is a would-be gaugeon field and τ is a real parameter. One
possibility is that Yµ satisfies
∂µ(∂µYν − ∂νYµ) = Bν , (2.13)
so that the gauge condition (2.9) transforms under (2.12) as
∂µBˆµν − (α+ τ)Bν + ∂νη = 0. (2.14)
Thus the gauge-fixing parameter changes from α to α+ τ . From (2.13) together with (2.10)
we presume the field equation for the gaugeon field Yµ to be
∂µ(∂µYν − ∂νYµ) = 0, (2.15)
which suggests that the gaugeon for the two-form Bµν would be a massless dipole field.
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III. QUANTUM THEORY OF A MASSLESS DIPOLE VECTOR FIELD
A. classical theory
Here we consider the quantization of the massless dipole vector field Yµ, whose classical
equation is given by (2.15). To avoid a higher derivative Lagrangian we imitate the Froissart
model [45] describing a dipole scalar field. Simply generalizing the Froissart model to our
case, we adopt
LvF0 = −
1
2
(∂µY ν
∗
− ∂νY µ
∗
)(∂µYν − ∂νYµ)−
ε
2
Y µ
∗
Y∗µ (3.1)
as a starting Lagrangian, where ε is a sign factor ε = ±1, and Y∗µ is an auxiliary vector
field. We call this model a massless vector-Froissart model.4 The field equations derived
from (3.1) are
∂µ(∂µYν − ∂νYµ)− εY∗ν = 0, (3.2)
∂µ(∂µY∗ν − ∂νY∗µ) = 0, (3.3)
from which we also have
∂νY∗ν = 0, (3.4)
Y∗ν = 0. (3.5)
From (3.2) and (3.5) we obtain the desired equation for Yµ:
∂µ(∂µYν − ∂νYµ) = 0. (3.6)
B. gauge fixing
To quantize the Lagrangian (3.1) we need appropriate gauge-fixing terms since the La-
grangian is invariant under the gauge transformation
Yµ → Yµ + ∂µΛ, (3.7)
where Λ is an arbitrary scalar function. Our gauge fixed Lagrangian is
LvF0+GF = LvF0 + Y
µ
∗
∂µY + ∂
µY∗Yµ + β
′Y∗Y, (3.8)
4 A brief report of the quantization of this model was given by one of the authors (M. A.) [46].
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where Y∗ and Y are scalar multiplier fields and β
′ is a gauge-fixing parameter. The field
equations derived from (3.8) are
∂µ(∂µYν − ∂νYµ)− εY∗ν + ∂νY = 0, (3.9)
∂µ(∂µY∗ν − ∂νY∗µ) + ∂νY∗ = 0, (3.10)
∂µYµ = β
′Y, (3.11)
∂µY∗µ = β
′Y∗, (3.12)
which lead to higher derivative field equations for Yµ,

2Yν +
(
1
β ′2
− 1
)
 ∂ν∂
µYµ = 0. (3.13)
The higher derivative of the field equations suggests higher pole propagators. In fact, we
have
〈YµYν〉 ∼
ε
(p2)2
[
gµν + (β
′2 − 1)
pµpµ
p2
]
. (3.14)
C. BRST symmetry
Because of the higher derivative field equations, the Fock space of the quantum theory
derived from (3.8) is not positive definite. We must remove these unphysical modes from
the theory. This was done for the scalar Froissart model by introducing BRST symmetry
[19, 47]. We imitate here again the Froissart model with BRST symmetry.
We introduce vector FP ghosts Kµ and K∗µ, together with scalar FP ghosts K and K∗,
and define our Lagrangian by
LvF =−
1
2
(∂µY ν
∗
− ∂νY µ
∗
)(∂µYν − ∂νYµ)−
ε
2
Y µ
∗
Y∗µ + ∂
µY∗Yµ + Y
µ
∗
∂µY + β
′Y∗Y
−
i
2
(∂µKν
∗
− ∂νKµ
∗
)(∂µKν − ∂νKµ) + i∂
µK∗Kµ + iK
µ
∗
∂µK + iβ
′K∗K. (3.15)
Note that the first term on the second line is invariant under the “gauge transformations”
Kµ → Kµ + ∂µθ and K∗µ → K∗µ + ∂µθ∗ where θ and θ∗ are arbitrary Grassmann odd
functions. The remaining terms on the second line are the gauge-fixing terms for the gauge
freedom; K∗ and K play the role of the multiplier fields. These gauge-fixing terms are
necessary for the vector FP ghosts to have propagators.
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FIG. 2. Field contents and BRST transformations of the BRST symmetric vector-Froissart model.
The arrows represent the directions of the BRST transformations.
The Lagrangian (3.15) is invariant under the BRST transformations,
δBYµ = Kµ, δBKµ = 0, δBK∗µ = iY∗µ, δBY∗µ = 0,
δBY = K, δBK = 0, δBK∗ = iY∗, δBY∗ = 0, (3.16)
which clearly satisfy the off-shell nilpotency δ2B = 0. The BRST invariance of (3.15) is easlily
confirmed when we rewrite (3.15) as
LvF = iδB
[
∂µKν
∗
(∂µYν − ∂νYµ) +
ε
2
Kµ
∗
Y∗µ − ∂
µK∗Yµ −K
µ
∗
∂µY − β
′K∗Y
]
(3.17)
The corresponding BRST charge can be expressed by
QB(vF) =
∫ [
Y∗µ
←→
∂0K
µ + (1− β ′)(Y∗0K − Y∗K0)
]
dD−1x. (3.18)
Figure 2 shows the field contents and their BRST transformations of the quantized vector-
Froissart model. All of the unphysical modes are removed by Kugo–Ojima’s quartet mech-
anism; any physical states satisfying QB(vF)|phys〉 = 0 are zero-normed states.
IV. GAUGEON FORMALISM
A. Lagrangian and field equations
Combining the Lagrangians of Kimura’s theory (2.4) and the massless vector-Froissart
model (3.15), we present the Lagrangian of the gaugeon formalism for the two-form gauge
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field Bµν :
L =LK(α = 0, β) + LvF(β
′ = β) +
ε
2
Y µ
∗
Y∗µ −
ε
2
(Y µ
∗
+ aBµ)(Y∗µ + aBµ) (4.1)
=
1
12
F λµνFλµν − ∂
µBνBµν +B
µ∂µη + ∂
µφ∗∂µφ
−
ε
2
(Y µ
∗
+ aBµ)(Y∗µ + aBµ)
− ∂µY ν
∗
(∂µYν − ∂νYµ) + Y
µ
∗
∂µY + ∂
µY∗Yµ + βY∗Y
− i∂µcν
∗
(∂µcν − ∂νcµ) + ic
µ
∗
∂µd+ i∂
µd∗cµ + iβd∗d
− i∂µKν
∗
(∂µKν − ∂νKµ) + iK
µ
∗
∂µK + i∂
µK∗Kµ + iβK∗K, (4.2)
where a is a real parameter. The third and fourth terms of the right-hand-side of (4.1) show
that the term −(ε/2)Y µ
∗
Y∗µ in LvF has been replaced by −(ε/2)(Y
µ
∗
+ aBµ)(Y∗µ+ aBµ). As
seen later, the gauge-fixing parameter α of Kimura’s theory (2.4) can be identified through
the parameter a as
α = εa2. (4.3)
The field equations derived from (4.2) are
∂λFλµν + ∂µBν − ∂νBµ = 0,
∂µBµν + ∂νη − εa(Y∗ν + aBν) = 0,
∂µBµ = φ = φ∗ = 0,
∂µ(∂µYν − ∂νYµ)− ε(Y∗ν + aBν) + ∂νY = 0, ∂
µYµ = βY
∂µ(∂µY∗ν − ∂νY∗µ) + ∂νY∗ = 0, ∂
µY∗µ = βY∗, (4.4)
for bosonic fields, and
∂µ(∂µcν − ∂νcµ) + ∂νd = 0, ∂
µcµ = βd,
∂µ(∂µc∗ν − ∂νc∗µ) + ∂νd∗ = 0, ∂
µc∗µ = βd∗,
∂µ(∂µKν − ∂νKµ) + ∂νK = 0, ∂
µKµ = βK,
∂µ(∂µK∗ν − ∂νK∗µ) + ∂νK∗ = 0, ∂
µK∗µ = βK∗, (4.5)
for fermionic fields. We emphasize here that we have chosen the gauge-fixing parameter β ′
of the vector-Froissart fields Yµ and Y∗µ as β
′ = β. As a result, four pairs of FP ghosts (cµ,
d), (c∗µ, d∗), (Kµ, K) and (K∗µ, K∗) , as well as (Y∗µ, Y∗), satisfy the same field equations.
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FIG. 3. Field contents and BRST transformations of the gaugeon formalism. The arrows show the
BRST transformations. The fields in the parentheses represent corresponding fields of Refs.[29, 31];
there are no counterparts of our fields Y , Y∗, K, and K∗. Instead, two BRST-singlet fields Z and
Z⋆ were introduced as ghosts for ghosts in [29, 31].
B. BRST symmetry
The Lagrangian (4.2) is invariant under the BRST transformations which are defined by
δBBµν = ∂µcν − ∂νcµ, δBcµ = −i∂µφ,
δBc∗µ = iBµ, δBφ∗ = d∗, δBη = d,
δBBµ = δBd∗ = δBd = δBφ = 0. (4.6)
for the fields of the standard formalism sector and
δBYµ = Kµ, δBKµ = 0, δBK∗µ = iY∗µ, δBY∗µ = 0,
δBY = K, δBK = 0, δBK∗ = iY∗, δBY∗ = 0, (4.7)
for the fields of gaugeon sector. Field contents and their BRST transformations are shown
in Figure 3. (Fields introduced in Refs.[29, 31] are also shown in the figure for comparison.)
Because of the off-shell nilpotency δ2B = 0, the BRST invariance of the Lagrangian is easily
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understood when we rewrite (4.2) as
L =
1
12
F λµνFλµν + iδB
[
∂µcν
∗
(∂µBν − ∂νBµ)
− cµ
∗
∂µη + ∂
µφ∗cµ − βd∗η +
ε
2
(Kµ
∗
+ acµ
∗
)(Y∗µ + aBµ)
+ ∂µKν
∗
(∂µYν − ∂νYµ)−K
µ
∗
∂µY + ∂
µK∗Yµ − βK∗Y
]
. (4.8)
The corresponding BRST charge QB can be written as
QB =
∫ [
Bλ
←→
∂0 cλ + d∗
←→
∂0 φ+ (1− β)B0d
+Y λ
∗
←→
∂0Kλ + (1− β)(Y∗0K − Y∗K0)
]
dD−1x. (4.9)
With the help of the charge, we can define the physical subspace of the Fock space by
Vphys = kerQB = {|Φ〉; QB|Φ〉 = 0}. (4.10)
C. q-number gauge transformations
The Lagrangian (4.2) permits the q-number gauge transformation where we vary the
gauge-fixing parameter a. Under the field redefinitions
Bˆµν = Bµν + τ(∂µYν − ∂νYµ), cˆµ = cˆµ + τKµ,
Yˆ∗µ = Y∗µ − τBµ, Kˆ∗µ = K∗µ − τc∗µ,
Bˆµ = Bµ, Yˆµ = Yµ, cˆ∗µ = c∗µ, Kˆµ = Kµ,
ηˆ = η + τY, dˆ = d+ τK,
Yˆ∗ = Y∗, Kˆ∗ = K∗ − τd∗,
Yˆ = Y, dˆ∗ = d∗, Kˆ = K, φˆ = φ, φˆ∗ = φ∗, (4.11)
with τ being a real parameter, the Lagrangian (4.2) becomes
L(ΦA; a, β) = L(ΦˆA; aˆ, β), (4.12)
where ΦA collectively represents all fields and aˆ is defined by
aˆ = a+ τ. (4.13)
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The form invariance (4.12) concludes that the field equations transform gauge covariantly
under the q-number gauge transformations (4.11): ΦˆA satisfies the same field equation as
ΦA if the parameter a replaced by aˆ.
It should be noted that the q-number gauge transformations (4.11) commute with the
BRST transformations (4.6) and (4.7). As a result, the BRST charge is invariant under the
q-number gauge transformations:
QˆB = QB. (4.14)
The physical subspace Vphys is, therefore, also invariant under the q-number gauge transfor-
mation:
Vˆphys = Vphys. (4.15)
D. gauge structure of the Fock space
In addition to the BRST charge (4.9), the Lagrangian (4.2) has several conserved BRST-
like charges. We focus on here the following three charges:
QB(K) =
∫ [
Bµ
←→
∂0 cµ + d∗
←→
∂0 φ+ (1− β)B0d
]
dD−1x, (4.16)
QB(vF) =
∫ [
Y µ
∗
←→
∂0Kµ + (1− β
′)(Y∗0K − Y∗K0)
]
dD−1x, (4.17)
Q˜B =
∫ [
Bµ
←→
∂0Kµ + (1− β
′)B0K
]
dD−1x, (4.18)
which are nilpotent and anticommuting with each other:
Q 2B(K) = Q
2
B(vF) = Q
2
B = 0,
{QB(K), QB(vF)} = {QB(vF), Q˜(B)} = {Q˜B, QB(K)} = 0. (4.19)
The QB(K) generates the BRST transformation (4.6) acting only on the fields of the standard
formalism sector, while QB(vF) generates the transformation (4.7) acting only on the fields
of the gaugeon sector. The total BRST charge (4.9) can be expressed as
QB = QB(K) +QB(vF). (4.20)
The charge Q˜B (4.18) generates the transformation δ˜B:
δ˜BBµν = ∂µKν − ∂νKν , δ˜BK∗µ = iBµ, δ˜Bη = K,
δ˜B(other fields) = 0. (4.21)
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In (4.10) we have defined the physical subspace Vphys using the charge QB. Instead, we
may consider another subspace by
V
(a)
phys = kerQB(K) ∩ kerQB(vF) = {|Φ〉; QB(K)|Φ〉 = QB(vF)|Φ〉 = 0}. (4.22)
The condition QB(K)|Φ〉 = 0 removes the unphysical modes included in the standard formal-
ism sector, while the condition QB(vF)|Φ〉 = 0 removes the modes of the gaugeon sector. As
is easily seen, the space V
(a)
phys is a subspace of Vphys:
V
(a)
phys ⊂ Vphys. (4.23)
We have attached the index (a) to V
(a)
phys to emphasize that its definition depends on the
gauge-fixing parameter a. In fact, under the q-number gauge transformation (4.11), the
BRST charges QB(K) and QB(vF) transform as
QˆB(K) = QB(K) + τQ˜B,
QˆB(vF) = QB(vF) − τQ˜B, (4.24)
while their sum QB remains invariant.
Let us define a subspace V(a) of the total Fock space by
V(a) = kerQB(vF). (4.25)
This space can be identified with the total Fock space of the standard formalism in the
α = εa2 gauge. We can understand this by rewrite the Lagrangian (4.2) as,
L = LK(α = εa
2) + i{QB, Θ}, (4.26)
where Θ being given by
Θ =
ε
2
Kµ
∗
(Y∗µ + 2aBµ) + ∂
µKν
∗
(∂µYν − ∂νYµ)−K
µ
∗
∂µY + ∂
µK∗Yµ − βK∗Y. (4.27)
The first term of (4.26) corresponds to the Lagrangian of the standard formalism (2.4). The
second term becomes null-operator in the subspace V(a). Namely, we can ignore the second
term of (4.26) in V(a).
We emphasize that the same arguments hold if we start from the q-number transformed
charges (4.24) rather than QB(K) and QB(vF). We define the subspaces V
(a+τ) and V
(a+τ)
phys by
V(a+τ) = ker QˆB(vF),
V
(a+τ)
phys = ker QˆB(K) ∩ ker QˆB(vF). (4.28)
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The space V(a+τ) can be identified with the Fock space of the standard formalism in the
α = ε(a + τ)2 gauge, and V
(a+τ)
phys corresponds to its physical subspace. Thus various Fock
spaces of the standard formalism in different gauges are embedded in the single Fock space
of the present theory.
V. SUMMARY AND COMMENTS
We have presented the BRST symmetric gaugeon formalism for the two-form gauge the-
ory. For this purpose, we have covariantly quantized the massless vector-Froissart model (a
dipole vector gauge theory), as vector gaugeon fields of our theory. Since this model has
gauge invariance at the classical level, we have first considered gauge-fixing for the model;
the necessity of the gauge-fixing for the gaugeon fields was overlooked in the previous lit-
erature [29, 31]. Using three kinds of BRST charges as well as the total BRST charge, we
have shown that our total Fock space contains the subspaces which are identified with the
Fock spaces of the standard formalism in various gauges.
In the following, we add some comments.
A. Type II theory
In the theory presented in the last section, we can change the value of the gauge-fixing
parameter a by the q-number gauge transformation (4.11). The gauge-fixing parameter α
of the standard formalism (2.4) is identified with α = εa2 (ε = ±1). This means that
we cannot change the sign of the parameter of the standard parameter α by the q-number
transformation. The situation is analogous to Type I gaugeon theory for QED [7]. There
are two types of gaugeon theories, Type I and Type II. The gauge-fixing parameter a can be
shifted as aˆ = a + τ by the q-number gauge transformation in both theories. The standard
gauge-fixing parameter α is expressed as α = εa2 in Type I theory, and α = a in Type II
theory; the sign of α can be changed in Type II theory. We comment here that Type II
theory can also be formulated for the two-form gauge fields.
We consider the Lagrangian, rather than (4.1),
LII = LK(α = a; β) + LvF(β
′ = β) +
ε
2
Y µ
∗
Y∗µ −
1
2
Y µ
∗
Bµ. (5.1)
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Under the q-number transformation (4.11), this Lagrangian is also form invariant:
LII(ΦA; a, β) = LII(ΦˆA; aˆ, β) (5.2)
with aˆ = a+ τ . The standard gauge-fixing parameter α can be identified with
α = a (5.3)
in the present case, thus we can change the parameter α quite freely without any limitation
for the sign of α.
The Lagrangian (5.1) is also invariant under all of the transformations corresponding to
the BRST charges (4.9), (4.16), (4.17), and (4.18). Thus, the similar arguments to those in
the last section on the gauge structure of the Fock space are also available. For example,
V(a) = kerQB(vF) [V
(a+τ) = ker QˆB(vF) ] is identified with the Fock space of the standard
formalism in α = a [α = a + τ ] gauge.
B. gaugeons for gaugeons
The standard formalism (2.4) has two gauge-fixing parameters α and β. As seen in the
last section (and in the last subsection), the value of the parameter α can be changed by
the q-number gauge transformation (4.11), while the value of β cannot. One might attempt
to find a q-number transformation which can change the value of the parameter β, the
gauge-fixing parameter for the FP ghosts cµ and c∗µ. Let us consider this possibility here.
To introduce the q-number gauge transformation for the vector FP ghosts, we would
need ghost-number ±1 gaugeon fields (gaugeons for ghosts) and their FP ghosts (ghosts for
gaugeons for ghosts); the FP ghosts have ±2 ghost numbers and thus might be identified with
the fields Z and Z⋆ introduced in Refs.[29, 31]. Furthermore, remembering that β (= β ′) is
a gauge-fixing parameter also for the gaugeon fields Yµ and Y∗µ, we would need zero-ghost-
number gaugeons (gaugeons for gaugeons) too, and their FP ghosts (ghosts for gaugeons for
gaugeons). An early attempt of this program is seen in Ref. [48].
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